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Temperature sex determining species offer a model for investigating how environmental cues become
integrated to the regulation of patterning genes and growth, among bipotential gonads. Manipulation of
steroid hormones has revealed the important role of aromatase in the regulation of the estrogen levels
involved in temperature-dependent sex determination. Estradiol treatment counteracts the effect of
male-promoting temperature, but the resulting ovarian developmental pattern differs from that mani-
fested with the female-promoting temperature. Hypoplastic gonads have been reported among estra-
diol-treated turtles; however the estradiol effect on gonadal size has not been examined. Here we fo-
cused on the sea turtle Lepidochelys olivacea, which develops hypoplastic gonads with estradiol treat-
ment. We studied the effect of estradiol on cell proliferation and on candidate genes involved in ovarian
pattern. We found this effect is organ speciﬁc, causing a dramatic reduction in gonadal cell proliferation
during the temperature-sensitive period. Although the incipient gonads resembled tiny ovaries, re-
modeling of the medullary cords and down-regulation of testicular factor Sox9 were considerably de-
layed. Contrastingly, with ovarian promoting temperature as a cue, exogenous estradiol induced the up-
regulation of the ovary factor FoxL2, prior to the expression of aromatase. The strong expression of
estrogen receptor alpha at the time of treatment suggests that it mediates estradiol effects. Overall re-
sults indicate that estradiol levels required for gonadal growth and to establish the female genetic
network are delicately regulated by temperature.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
After Charnier (Charnier, 1966) discovered that incubation tem-
perature inﬂuences sex determination, several studies have sought to
explain the mechanism(s) by which temperature affects the gene
networks underlying gonadal sex determination. Pioneer studies
used treatments with estrogens (E2), antiestrogens and aromatase
inhibitors, which could counteract the sex-promoting effect of tem-
perature. This led to the hypothesis that endogenous E2 levels in the
bipotential gonad are directly involved in the process of ovary or
testis commitment (Bull et al., 1988; Pieau, 1974). Thus, incubation
temperature was assumed to regulate the expression and/or activity
of aromatase, the enzyme that converts androgens to estrogens and
plays a key role in sex determination of species with temperature-
dependent sex determination (TSD) (Pieau and Dorizzi, 2004).íaz-Hernández),
ncia),Furthermore, the temperature-dependent activity of aromatase
in the sea-turtle Dermochelys coriacea (Desvages et al., 1993) and
the dimorphic expression of the aromatase gene in Emys orbicu-
laris (Desvages and Pieau, 1992) Trachemys scripta (Ramsey et al.,
2007), Chelydra serpentina (Rhen et al., 2007), and Crysemys picta
(Valenzuela et al., 2013) support the role of endogenous E2 levels
in chelonian sex determination. However, although exogenous
manipulation of gonadal estrogen levels can override the tem-
perature cues, the proximate mechanisms by which temperature
exerts its action remain unknown.
Important differences are detected in the gene expression
proﬁles of bipotential gonads that either develop into ovaries
under the effect of female-promoting temperature (FPT), or form
ovaries when induced with exogenous E2 at the male promoting
temperature (MPT) (Matsumoto et al., 2013; Ramsey and Crews,
2009; Valenzuela et al., 2013). For example, steroid hormone re-
ceptors (ER alpha, ER beta and androgen receptor) show different
expression patterns in Chelydra serpentina (Rhen et al., 2007) and
Trachemys scripta (Ramsey and Crews, 2007). However, since the
MPT and FPT induce dimorphic expression of aromatase at the end
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vages and Pieau, 1992; Ramsey et al., 2007) thresholds of en-
dogenous E2 levels involved in gonadal differentiation may be
tightly regulated by temperature prior to the stabilization of
transcriptional networks. Steroid hormone and metabolite levels
in developing gonads depend on regulatory gene networks. These
mainly involve autonomous cell transcription, cell-cell signaling
and transducing factors. In mammals and birds, FoxL2 regulates
aromatase expression (Batista et al., 2007; Govoroun et al., 2004;
Hudson et al., 2005; Pannetier et al., 2006). Similar regulation is
inferred in reptiles with TSD; however, direct evidence is not yet
available. In the slider turtle, higher FoxL2 and aromatase levels
are expressed in gonads from embryos at FPT than at MPT (Lofﬂer
et al., 2003; Matsumoto and Crews, 2012; Ramsey et al., 2007;
Shoemaker et al., 2007). Furthermore, gonads of the snapping
turtle Chelydra serpentina shifted from MPT to FPT show up-reg-
ulation of FoxL2 and aromatase (Rhen et al., 2007).
Steroid hormone signals involve the corresponding receptors.
In the slider turtle, ER alpha is expressed in bipotential gonads at
both male- and female-promoting temperatures, but the expres-
sion drops during ovarian differentiation (Bergeron et al., 1998;
Matsumoto and Crews, 2012; Ramsey and Crews, 2007), in con-
trast, the opposite occurs in the snapping turtle, Chelydra serpen-
tina (Rhen et al., 2007).
Several genes present in species with TSD are conserved in
mammals, where they are associated with gonadal sex determi-
nation and maintenance of the differentiated state (Trukhina et al.,
2013). The expression schedule of these genes differs among
species, indicating that the gonadal sex networks are diversiﬁed.
In male mice, Sry up regulates Sox9 in medullary supporting cells;
while in females, Sox9 remains downregulated in bipotential go-
nads prior to morphological differentiation (da Silva et al., 1996;
Moreno-Mendoza et al., 2003). In contrast, in reptiles with TSD
Sox9 is expressed in medullary cords during several days in bi-
potential gonads at both, MPT and FPT (Barske and Capel, 2010;
Moreno-Mendoza et al., 1999). Thus, the dimorphic regulation of
Sox9 in turtles with TSD offers a good marker to study the possible
effects of experimental manipulation of endogenous steroid hor-
mones on gonadal morphogenesis.
In mice, several genes upstream Sry were found to be necessary
for cell proliferation at the onset of the gonadal ridge establish-
ment (Sekido and Lovell-Badge, 2013). For example, in Lhx9
knockout mice, cell proliferation is inhibited in the incipient
genital ridges and gonads fail to form (Birk et al., 2000). Although
Wt1 and Sf1 knockout mice also lack gonads, the role of these
genes is more related to cell survival than to cell proliferation in
the presumptive genital ridges (Kreidberg et al., 1993; Luo et al.,
1994). Recent studies show that Wnt4/Rspo1 control cell pro-
liferation in the genital ridges of both sexes, cell proliferation di-
minishes and affects gonad development. In XX double knockout
gonads, the effect of reduced cell proliferation is less pronounced
than in XY gonad development where testes growth is disrupted.
The low numbers of pre-Sertoli cells leads to formation of scarce
seminiferous cords and, consequently, the testes remain small
(Chassot et al., 2012).
Chromatin remodeling plays an important role in murine de-
veloping gonads. The chromobox homolog 2 (Cbx2 or M33), sub-
unit of the polycomb repressive complex 1, is a member of the
chromatin-associated complex (Simon and Kingston, 2009). Cbx2
knockout mice (Katoh-Fukui et al., 1998) and mutant CBX2 in
humans (Biason-Lauber et al., 2009) develop hypoplastic gonads
and male-to-female sex reversal. Furthermore, mating of a
Cbx2 / strain with mice in which expression of Sry or Sox9 was
forced prevented male-to-female sex reversal but the testes re-
mained smaller in Cbx2 / transgenic mice (Katoh-Fukui et al.,
2012). Thus, results indicate that in mice, gonadal growth and sexdetermination are independent processes; in these two arrange-
ments of Cbx2 target genes are involved in two parallel pathways.
The role of Lhx9, Wt1, Sf1, Wnt4, Rspo1 and Cbx2 involved in
gonadal growth in mice remains unknown in species with TSD.
Counteracting the sex-promoting effect of temperature with exo-
genous estrogen frequently affects gonad size in turtles with TSD:
Emys orbicularis (Pieau and Dorizzi, 2004), Lepidochelys olivacea
(Merchant-Larios et al., 1997) and Trachemys scripta (Barske and
Capel, 2010; Bieser et al., 2013). Therefore, it is likely that E2
treatments may distinguish between growth, on the one side, and
sex determination and differentiation on the other, as two sepa-
rate processes in the gonads of TSD species.
Organ size depends on cell number, cell size and the amount of
intercellular matrix. In developing organs, cell proliferation,
growth and death rely on the integration of intracellular programs
and on extracellular signaling factors that regulate these programs
(Conlon and Raff, 1999). Some mechanisms involved in both,
maintaining proportional organ growth and integrating environ-
mental cues with sensitive developmental cues, have been eluci-
dated in Drosophila (Mirth and Shingleton, 2012); however, such
mechanisms remain to be investigated in species with TSD.
The aim of the current study was to investigate the effect of
exogenous estradiol on developing gonads of the olive ridley tur-
tle, Lepidochelys olivacea. We compared cell proliferation patterns
and genes involved in ovary commitment of E2-treated embryos at
MPT. Our results indicate that exogenous E2 alters two key pro-
cesses involved in ovarian determination and differentiation: go-
nadal growth rate and timing of the dimorphic regulation of Sox9,
Cyp19a1 (aromatase) and FoxL2.2. Materials and methods
2.1. Animals
This study was approved by the local Ethics Committee at the
Instituto de Investigaciones Biomedicas, UNAM. Eggs of L. olivacea
(sea turtle) were collected at La Escobilla Beach, Oaxaca, Mexico,
and transported to Mexico City within 12 h after collecting. The
eggs were kept in boxes with moistened vermiculite and in-
cubated at either 2670.5 °C male-promoting temperature (MPT)
or 3370.5 °C female-promoting temperature (FPT) (Merchant-
Larios et al., 1997).Temperature ﬂuctuations were monitored with
data loggers. Experiments were performed using eggs from seven
different clutches (2010–2013); developmental stages were de-
termined according to Miller's criteria (Miller, 1985).
2.2. Total RNA extraction, cDNA synthesis and end-point PCR
The tissue was quickly pooled and frozen in dry ice. Samples
were stored at 60 °C until RNA extraction. Total RNA was ex-
tracted with Trizol following the manufacturer's protocol (Invitro-
gen, Life Technologies, USA), then treated with Turbo DNA-free Kit
(Ambion, Life Technologies, USA), and reverse-transcribed into
cDNA using transcriptor reverse transcriptase (Roche, Life Science)
and 900 ng–1 μg of total RNA. Relative gene expression of ar-
omatase, ERα and FoxL2 was assayed by end-point PCR. Negative
controls were prepared without template and with 50 ng of each
total RNA extraction. Oligonucleotides were designed using the
published Esr1 (estrogen receptor alpha) sequence for L. olivacea
(Chavez et al., 2009) aromatase and FoxL2 of sequences reported for
T. scripta (AF178949.1 and AY155535.1 respectively), Actb (beta-ac-
tin) ampliﬁcation was used as endogenous expression control.
The oligonucleotide sequences were: aromFw1 5′ ATGCATTCCAA-
TATCACCAG-3′, aromRv3 5′-CACATTGATGTTTCCCAGTC-3′, Esr1Fw 5′-
GAGACTTTGAGCAGACCTC-3′, Esr1Rv5′-TCCCACTTCATAGCACTTC-3′,
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CGA ACA TGT CCT C -3′, actbFw 5′-GTTGGTGATGAAGCCCAAAGTAA-3′,
actbRv 5′-GTGGTGGTGAAGCTGTAGCC-3′.
PCR conditions were 5 min at 94 °C, followed by 1 min at 94 °C,
1 min at 54 °C and 1 min at 72 °C (26x beta-actin, 30x Esr1, 32x
aromatase and FoxL2 ) and a ﬁnal extension of 10 min. The num-
ber of cycles was determined halfway through the exponential
phase (Solórzano-Vargas et al., 2002). Six to seven PCR reactions
were thermocycled extracting after every two cycles to be placed
on ice until the end of the last reaction. They were then cen-
trifuged and returned to the thermal cycler to complete the ﬁnal
extension. Reactions were run in agarose gel at 1.5%.
Amplicon identity and speciﬁcity were corroborated by se-
quencing. PCR products were electrophoresed in 1.5% agarose gel
with ethidium bromide. Densitometric analysis were performed
with Image J program.
2.3. 17β-estradiol (E2) treatment and 5-bromo-2′-deoxy-uridine
(BrdU) administration
The effect of exogenous estradiol on the gonad differentiation
was examined by treating embryos at MPT with a single dose of
12 μg of 17β-estradiol (Sigma-Aldrich) at stage 23 (undifferentiated
bipotential gonad), during the thermosensitive period. The eggs
were illuminated to locate the blood vessel ring around the embryo
and administered 17β- estradiol (E2) in 60 μl of 95% ethanol vehicle
by topical application as described previously (Merchant-Larios
et al., 1997). Thereafter, urogenital complex were taken from em-
bryos four and seven days after E2 treatment (proliferation analysis)
seven and nine days (expression of aromatase and FoxL2) and at
stages 26 and 28 (high resolution microscopy, scanning electron
microscopy and immunoﬂuorescence).
For cell proliferation analysis, eggs were illuminated in order to
locate the blood vessels around the embryo and then 100 μg/g of
egg weight of 5-bromo-2′-deoxy-uridine (BrdU) in 0.007N NaOH/
0.9% NaCl (Sigma-Aldrich) was injected through the eggshell,
using an insulin syringe with a needle 31G6millimeters (Becton
and Dickson). A minimal number of eggs burst. After two hours,
samples were ﬁxed in 4% paraformaldehyde overnight at 4 °C.
Control eggs were injected with 0.007N NaOH/0.9% NaCl.
We compared the effects of E2 and FPT (33 °C) on gonads from
embryos developing at MPT (26 °C). Eggs at stage 23 were divided
into four groups: (1) Shifted from MPT to FPT, (2) Control at MPT,
(3) MPT – treated with E2 and (4) MPT-controlled with ethanol
vehicle. All four groups were analyzed, seven and nine days after
E2 treatment or after the embryos were shifted from MPT to FPT.
2.4. High resolution microscopy and scanning electron microscopy
Urogenital complex samples were ﬁxed in Karnovsky solution,
postﬁxed with 1% OsO4 in Zetterqvist's buffer (Zetterqvist, 1956),
and embedded in Epon 812. Semithin sections (1 μm thick) were
then stained with toluidine blue. For scanning electron micro-
scopy, urogenital complexes were ﬁxed as above, critical point
dried and covered with gold. Images were collected using a JEOL
JSM6360LV.
2.5. Immunoﬂuorescence
Cell proliferation: Heat-induced antigen retrieval was per-
formed in 40 μm thick cryosections, by placing slides for 45 min at
90 °C in IX Diva Decloaker (Biocare Medical, USA). Cryosections
were stained for immunoﬂuorescence using BrdU, phospho-his-
tone H3 in Ser 10 and cytokeratin antibodies. They were immersed
in 2N HCl at 37 °C for 30 min and incubated with 10 mM borate
buffer pH 8.5, and then transferred into PBS and 0.5% Triton X-100in PBS in a rack sequence to immunoﬂuorescence. To block un-
speciﬁc staining, sections were incubated with 10% horse serum in
PBT (0.5% Triton 100X/PBS) for 30 min at 35 °C. Subsequently in-
cubated for 1 h at 35 °C with rabbit anti-H3 (pSer10) (Millipore)
diluted 1:1500, then for 10 min in goat Cy3 anti-rabbit antibody
(Chemicon International, Inc.) diluted 1:100 as secondary anti-
body, and ﬁnally washed with PBS. Next, the sections were washed
and incubated overnight with rat anti-BrdU (Serotec, clone BUI/75)
diluted 1:250 and incubated with Alexa Fluor 488 donkey anti-rat
(Molecular Probes, Invitrogen) for 30 min at room temperature.
The slides were left overnight in the mouse monoclonal pan-cy-
tokeratin AE1/AE3þ8/18 (Biocare Medical, USA). The Alexa Fluor
647 donkey anti-mouse (Life Technologies, USA) was used as a
secondary antibody. Urogenital complex were oriented to obtain
cross sections along the anterior, middle and posterior regions.
Each frozen cross section of 40 μm thickness was alternatively
placed on one of ﬁve slides to include representative sections of
the three regions on each slide. The number of cells labeled with
BrdU and H3 (pSer 10) were counted in ﬁve slices (40 μm thick-
ness) per gonad. Individually labeled cells were clearly identiﬁed
in 3D confocal stacks of 3.0 μm optical sections. To identify the
epithelial Sox9þ and Sox9 cells, cytokeratin was used as pre-
viously reported (Díaz-Hernández et al., 2012). For negative con-
trols the sections were incubated with rat anti-BrdU, no detected
signal was obtained.
Cell nuclei were counterstained with TOTO3-iodide (Life
Tecnologies, USA) and mounted with ﬂuorescence mounting
medium (Dako, Agilent Technologies, Denmark). Images were
collected and processed with a confocal Zeiss Pascal LSM5
microscope.
2.6. Data Analysis
Data are expressed as Mean 7 SD. Statistical differences be-
tween groups were determined by applying an unpaired Student's
t-test when only two groups were compared. When more than
2 groups were compared a one-way ANOVA test was used fol-
lowed by Tukey-Kramer Multiple Comparisons test. Statistical
signiﬁcance was set at Po0.05. Using the GraphPad InStant Soft-
ware Vers 3.05.3. Results
3.1. Estradiol treatments at MPT disrupt testis differentiation
To assess the effects of E2 on the developmental pattern of
gonadal differentiation, 12.0 μg of 17β-estradiol were delivered
through the shell at stage 23 (bipotential gonad). In contrast to the
testes of control embryos treated with vehicle, gonads from E2-
treated embryos exhibited a remarkably small size at stage 26.
Using the dissection microscope the gonadal remnants of treated
embryos were hardly visible compared with the controls (Fig. 1A
and B). Under the scanning electron microscope (SEM), at stage 26,
the control gonads at MPT and FPT extended along the adjacent
mesonephros covering around two-thirds of its length (Figs. 1C
and F). At the same stage, E2-treated embryos showed irregular
folds and protrusions instead of gonads along the mesonephros
(Fig. 1D and E).
Cross sections of the medullary region of control testes at stage
26 showed interconnected Sox9þ cords surrounded by stromal
tissue consisting of blood vessels, mesenchymal cells and ﬁbro-
blasts (Fig. 2D). As in bipotential gonads, a single layer of cuboidal
cells formed the surface epithelium (Fig. 2A). Immunoﬂuorescent
staining of cytokeratin indicated the epithelial nature of cells in
both the medullary cords and the surface epithelium. While cell
Fig. 1. Representative urogenital complexes (adrenal-kidney-gonad) of estrogen (E2) treated and control embryos at stage 26, incubated at male-producing temperature
(MPT) or at female-producing temperature (FPT). (A) Urogenital complexes treated with the vehicle show well developed gonads. (B) In E2 treated embryos, the gonads are
almost imperceptible (*). (C) At the scanning electron microscopy the gonad of control embryos at MPT is evident along the mesonephros. (D) Hypoplastic gonad from E2
treated embryo appears as irregular folds protruding on the mesonephros. (E) Higher magniﬁcation of the gonad shown in D. (F) The gonad of control embryos at FPT is
shown. In all cases the gonad is marked by a dotted oval. Mes¼mesonephros, G¼gonad. Ad¼adrenal. Scale Bars: A–B¼5 mm, C–D and F¼1 mm, E¼500 μm.
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epithelium cell nuclei remained Sox9 negative (Fig. 2D).
The gonadal folds and protrusions of E2-treated embryos ex-
amined with the SEM were observed with a light microscope in
plastic-embedded samples. They showed diverse tissues depend-
ing on the section level. In some sections, they looked like epi-
thelial protrusions resembling tiny ovaries with a thick cortex
formed by several layers of epithelial cells, and the medullary
cords were fragmented (Fig. 2B). In other sections, the multilayer
cortex covered a very limited area of the surface epithelium, and
small medullary cords remained (Fig. 3A). Although at stage 26 the
morphological aspect of sectioned E2 samples resembled under-
developed ovaries, immunoﬂuorescence revealed intense staining
of Sox9 in cells of the medullary cords underlying protrusions of
the surface epithelium (Figs. 2E and 3B).
At stage 28, control testes and ovaries observed with the SEM had
grown considerably (compare 1C, 4B and 4C). Cross sections of these
gonads showed abundant stromal tissue making the medullary cords
more conspicuous in testes (Fig. 4E) and fragmented medullary cords
and thick cortex in ovaries (Fig. 4F). In E2-treated embryos, the folds
and protrusions along the ventromedial area of the mesonephros
remained as in stage 26 (Fig. 4A). Serial cross sections often showed
tiny ovarian-like formations with a thicker cortex and several germ
cells. The medullary region appeared fairly reduced with few clusters
of medullary cords surrounded by scanty stromal tissue (Fig. 4D).
Even though based on their morphological aspect these formations
could be taken for small ovaries, immunoﬂuorescence revealed the
maintenance of Sox9 in cell nuclei of medullary cord remnants
(Fig. 5A and Supplmentary Fig. 1).
Most samples of E2-treated embryos showed ovotestis-like
gonads in which the ovarian domain displayed fragmented me-
dullary cords formed by Sox9 epithelial cells and a thick cortex
with elongated columnar cells. In the testis domain, the remnants
of medullary cords contained Sox9þ cells on the surface epithe-
lium made by one layer of cuboidal cells (Fig. 5B and C). While atFPT Sox9 was undetectable in medullary cords of differentiated
ovaries from stage 26 onwards (Fig. 2F), current results prove that
down-regulation of SOX9 was considerably delayed in E2-treated
embryos.
Furthermore, at stage 26, cross sections of ovarian-like gonads
from E2-treated embryos were remarkably smaller compared with
ovaries differentiated under the FPT (Figs. 2B and C).
3.2. Diminished cell proliferation induced by exogenous E2 explains
the development of small gonads
To evaluate proliferation rate, markers of two phases of the cell
cycle were used: phosphorylated histone H3 (Ser10) for G2-M
phase and BrdU for synthesis phase (S), respectively. Considering
that E2 was deposited on the egg surface and had to cross the
shell, the effect on cell proliferation was evaluated at four and
seven days after starting the treatment. Frozen sections analyzed
by immunoﬂuorescence clearly showed the smaller number of
proliferating cells in E2 gonads compared with controls. The
number of gonadal cells was smaller in G2-M than in S, indicating
the shorter duration of the ﬁrst phase. Furthermore, in contrast
with the small number of proliferating cells within the gonads of
E2 embryos, cells were abundant in the adjacent mesonephros of
both, E2-treated and control embryos (Fig. 6).
Proliferating cells marked at the two phases of the cell cycle
(G2-M and S) were counted in the two gonadal compartments: the
surface epithelium and the medullary region. Quantitative results
strongly supported the qualitative discrepancies observed in the
images. Signiﬁcant differences were found in the number of pro-
liferating cells between E2-treated gonads and controls treated
with vehicle, and also between phases G2-M and S of the cell
cycle. Furthermore, signiﬁcant differences were maintained be-
tween E2 and control gonads at four or seven days after E2
treatment, no signiﬁcant differences were maintained between E2
and control mesonephros Figs.7A and B).
Fig. 2. Cross sections of E2 treated gonads at stage 26 from embryos incubated at MPT and control embryos incubated at MPT or at FPT. (A) Semi-thin section of a control
testis. It shows conspicuous medullary cords (mc) surrounded by stromal cells (stars) and a single layer of cuboidal cells in the surface epithelium (arrow heads). (B) Semi-
thin section of a hypoplastic gonad from an embryo treated with E2. It shows a thick cortex (arrow heads) and remnants of medullary cords (mc). (C) Control ovary showing a
thick cortex formed by several layers of epithelial cells (two head arrows) and fragmented medullary cords (mc). (D) Immunoﬂuorescence staining of a control testis. Nuclei
of medullary cords are Sox9þ (purple) while cytokeratin (green) stains all epithelial cells (surface epithelium and medullary cords). (E) Although E2 treated resembled tiny
ovaries as shown in C, immunoﬂuorescence reveals cells Sox9þ (purple) in remnants of medullary cords (mc). (F) Differentiated ovary showing Sox9 medullary cords
undergoing fragmentation and a thick cortex (C). Epithelial cells have cytokeratin (green). All nuclei are stained with TOTO-3 iodide (blue). Scale Bars: A: 100 μm B–F: 50 mm.
Fig. 3. Hypoplastic gonads of an embryo at stage 26 treated with E2. (A) Semi-thin cross section showing a tiny ovary-like multilayer cortex (C) with adjacent medullary
cords (mc). (B) Confocal immunoﬂuorescence of similar formations reveals intense nuclear staining of Sox9 (purple) in cells of medullary cords. Cytokeratin expression
(green) conﬁrms the epithelial identity of the cells. All nuclei are stained in blue with TOTO 3 iodide. Mesonephric tissues (Mes) are shown. Scale Bars: A¼50 μm, B¼20 μm
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Fig. 4. Gonads of embryos treated with E2 and control gonads at stage 28 incubated at MPT and FPT (A) Hypoplastic gonad from an E2 treated embryo viewed with SEM. The
yellow dotted area indicates the epithelial folds corresponding to incipient gonad. (B) Scanning electron microscopy (SEM) of a well-developed testis (arrow) along the
mesonephros (Mes) in a control embryo incubated at MPT (C) SEM of an ovary along mesonephros (Mes) in a control embryo incubated at FPT. (D) Cross section of an
incipient gonad similar to the gonad shown in A. Several germ cells (arrows) are embedded in an ovarian-like surface epithelium. (E) Cross section of a control testis showing
a network of medullary cords (mc) differentiated as seminiferous cords surrounded by abundant stromal tissue (star).(F) Cross section of a control ovary showing a thick
cortex (c) and remnants medullary cords (mc) Scale Bars: A, B¼500 μm, C¼1 mm., D–F¼100 μm.
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speciﬁc
The rate of growth of Lepidochelys olivacea is directly inﬂuenced
by temperature: embryos incubated at FPT grow faster than at
MPT (Merchant-Larios et al., 1997). To investigate if the dramatic
effect of ectopic E2 on gonad size was organ speciﬁc or simply
echoed the whole embryo response, embryos were weighed four,
seven and nine days after E2 application. As shown in Fig. 8, no
signiﬁcant weight difference was found between E2-treated em-
bryos and controls. Furthermore, hatchlings from E2-treated em-
bryos and controls looked (size and weight) and behaved (swim-
ming and feeding) similarly under our laboratory conditions
(Suppl Video 1and 2). Finally, the evident difference in pro-
liferating cell number of gonads and adjacent mesonephros in E2
embryos compared with controls supports an organ-speciﬁc effect
of the treatment. Thus, although the proliferation rate in several
organs was not measured, it is tempting to speculate that E2
treatment did not signiﬁcantly affect global cell proliferation of
developing embryos at MPT.
Supplementary material related to this article can be found
online at
3.4. Exogenous E2 affects timing of FoxL2 expression
The Esr1 (Estrogen receptor alpha) was strongly expressed both
during bipotential (stage 23) and differentiated gonad (stage 28) of
FPT - and MPT embryos, as well in the mesonephros, adrenal gland
and brain (Fig. 9). To investigate whether the powerful effect of E2
treatment on delayed SOX9 inhibition, gonadal growth and re-
duced rate of cell proliferation correlates with altered expression
of candidate genes involved in ovarian determination, we analyzedaromatase and Fork-head box protein (FoxL2). For bipotential go-
nads, one-shift experiments with eggs from L. olivacea indicated
that 100% of embryos shifted from FPT to MPT at stage 23 become
males, while 100% of those shifted from MPT to FPT developed as
females (Merchant-Larios et al., 1997).
In embryos shifted from MPT to FPT, aromatase increased,
whereas in untreated controls maintained at MPT, aromatase was
barely detectable. Contrastingly, gonads from E2-treated embryos
showed scarce aromatase expression similar, to controls at MPT
(Fig. 10A). Interestingly, precocious expression of FoxL2 was in-
duced by E2, in contrast to a delayed increase of aromatase
(Fig. 10B). Mean of the densitometric values of beta actin are
shown in Suppl. Table 1.4. Discussion
Steroid hormones play an important role in the regulation of
cell proliferation and growth (Wall et al., 2014). In this study, the
dramatic effect on size caused by exogenous E2 on gonad growth
was found to be gonad speciﬁc rather than to reﬂect an effect on
the whole embryo. Three results support this gonad-speciﬁc effect
of exogenous E2: First, cell proliferation within the gonad was
clearly limited compared with the adjacent mesonephros (Fig. 6).
Second, total weight was not signiﬁcantly different in E2-treated
hatchlings and controls (Fig. 8). Third, size and behavior of treated
and control hatchlings kept in the laboratory for up to two months
was similar (Suppl Videos 1 and 2).
As previously reported in the olive ridley Lepidochelys olivacea
(Merchant-Larios et al., 1997), here we found that E2 added to eggs
at the start of the temperature-sensitive period (TSP), appears to
counteract the effect of the MPT and morphological “sex reversal”
Fig. 5. Immunoﬂuorescence of an ovotestis-like gonad from an embryo incubated at MPT and treated with Estradiol. (A) Cross section at the level of the testis domain.
Remnants of medullar cords (mc) maintain cells with Sox9þ nuclei (purple). (B) Higher magniﬁcation of the yellow squire area shown in C. Some Sox9þ nuclei (purple)
remain near the surface epithelium (Se) formed by one cell thick layer of cubic cells. (C) Tangential section showing the ovarian domain with a thick columnar cortex (Ovc)
and fragmented medullary cords formed by Sox9 cells (*). Epithelial cells of both cortex and medullary cords are labeled with cytokeratin (green). Nuclei are stained with
TOTO-3 iodide (blue). Scale Bars: A–B¼20 μm, C¼50 μm.
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ridley E2 treatment with 12 μg of E2 produced hypoplastic gonads.
First reports in T. scripta show that a single dose of 10 μg of β-
estradiol (E2) at stage 17 counteracted the MPT and induced “sex-
reversal” (Crews et al., 1991; Wibbels et al., 1993). In these studies,Fig. 6. Frozen sections of urogenital ridges of embryos incubated at male-promoting tem
after treatment. Two phases of the cell cycle are marked: BrdU (green) and phospho
(A) Shows tissues from a control embryo treated with the vehicle. Proliferating cells are
treated with E2 showing scant proliferating cells while they are numerous in the mesone
the gonadal and mesonephric tissues. Scale Bar: A–B¼20 μm.only a moderate effect in the length of gonads was found. Recent
reports, however, indicate that serial doses of 5 μg of β-estradiol at
stages 13–19 (Barske and Capel, 2010) and a single dose of 10 of mg
estradiol at stages 14, 15, 17, 19 or 21 (Bieser et al., 2013) also
produce hypoplastic gonads in the red-eared slider turtle.perature. Samples of control and E2 treated embryos at stage 23 were ﬁxed 4 days
histone H3 (Ser10) (red) indicate proliferating cells in S and G2/M, respectively.
abundant in both, gonad (G) and mesonephros (Mes). (B) Sample from an embryo
phros. Cytokeratin staining is shown (light blue). The yellow dotted line demarcates
Fig. 7. Cell proliferation analysis in gonads and mesonephros of control and E2 treated embryos at 4 and 7 days post treatment. (A) Serial sections of the anterior, middle and
posterior regions of each gonad (ﬁve sections/gonad) were counted. BrdU and H3 labeled cells were counted in both the surface epithelium and medullary region. Signiﬁcant
differences were maintained between E2 and control. Gonads at four or seven days after E2 treatment. (B) BrdU and H3 labeled cells were counted in mesonephros in the
area near to the gonad, no signiﬁcant differences were maintained between E2 and control mesonephros Values are indicated as the means 7 three or four gonads (n)*,
Po0.05, statistical analysis: unpaired Student's t-test.
Fig. 8. Weight of embryos after 4, 7 and 9 days of E2 treatment. No signiﬁcant
difference was found between controls and E2 treated embryos. Values are in-
dicated as the means 7 of several embryos (n) P40.05, statistical analysis un-
paired Student's t-test.
Fig. 9. Effect of temperature on the expression of Esr1 at FPT and MPT in stage 23
(bipotential gonads) and stage 28 (differentiated gonads) in different organs. Esr1
was strongly expressed both in bipotential and differentiated gonads. The values
are indicated as the means 7 of two or three independent pools of 15 gonads, 15
adrenal gland, 6 mesonephros and two brain (n).
V. Díaz-Hernández et al. / Developmental Biology 408 (2015) 79–8986Although the strong effect on gonad size could be attributed to a
higher dose of β-estradiol (12 μg) administered to Lepidochelys oli-
vacea, egg size of this species (spherical in shape: average diameter:
38.3 mm; average weight: 30.2 g.) is around two to three times larger
than the egg size of Trachemys scripta (ovoid in shape: 30.9–43.0 mm
long, 19.5–25.6 mm wide and weight 6.1–17.4 g) (Bringsoe, 2006);
thus, the relative dose chosen in the current study was considerably
lower. In contrast with the precocious repression of Sox9 protein in
medullary cords induced by E2 treatment in T. scripta (Barske and
Capel, 2010), in the current study, cells of medullary cords of olive
ridley showed delayed inhibition of Sox9. While in the red-eared
slider turtle repression of Sox9 occurred at stage 21 at the FPT, in E2-
treated gonads, Sox9 was undetectable at stages 17–19 (Greenbaum,
2002). Instead, in the olive ridley, we found that Sox9 expression
persists in medullary cords of the tiny ovary-like formations up to
stage 26 (Miller, 1985) at which Sox9 is already down-regulated in
ovaries developed at the FPT.
Correlation between the whole embryo stage and gonad de-
velopmental state is important to understand response diversity to
E2 in species. Freshwater and sea turtle gonads showdevelopmental heterochrony (temporal shifting of developmental
events relative to each other). In freshwater turtles T. scripta
(Schmahl et al., 2003; Wibbels et al., 1991), Emys orbicularis (Pieau,
1974) and Chelydra serpentina (Rhen et al., 2007), oocytes enter
meiosis and folliculogenesis is well under way prior to hatching,
while in sea turtles such as Lepidochelys olivacea, both processes
are not detected prior to three or ﬁve months after hatching
(Merchant Larios et al., 1989). Thus, the experimental manipula-
tion of endogenous estrogen levels will undoubtedly disturb dif-
ferent gene networks in fresh or sea water turtles.
For example, gene Sox9 down-regulation coincides with split-
ting of medullary cords both in the fresh water Trachemys scripta
(Barske and Capel, 2010) and in the sea turtle Lepidochelys olivacea
(Moreno-Mendoza et al., 1999). However, precocious and delayed
SOX9 repression, induced by exogenous E2 in T. scripta and L. oli-
vacea, respectively, may reﬂect dissimilar trajectories of gonadal
development in each species. Thus, manipulation of endogenous
E2 levels may alter different transitory gene networks that reg-
ulate Sox9 expression in these two species.
Fig. 10. Effect of Estradiol (E2) and FPT in the expression of Foxl2 and aromatase in
gonads of L. olivacea. Eggs at stage 23, were distributed into four groups: (1) Shifted
from MPT to FPT, incubated at MPT (2) Without treatment, (3) Treated with E2 and,
(4) Treated with the vehicle (ethanol). The latter three groups were incubated at
MPT and gonads of the four groups were analyzed after seven and nine days.
(A) Whereas the expression of aromatase was signiﬁcantly increased in gonads
shifted from MPT to FPT, the expression was similar in the E2 and the two control
groups. (B) The expression of Foxl2 in E2 treated gonads is higher than in gonads of
the shifted MPT to FPT group. The expression of Foxl2 in gonads of embryos in-
cubated at MPT and treated with ethanol was barely detected. The values are in-
dicated as the means 7 of three independent pools of 15 gonads*, Po0.05, sta-
tistical analysis: ANOVA test followed by Tukey-Kramer Multiple Comparisons test.
Fig. 11. This ﬁgure summarizes the conﬂict between temperature and exogen-
ous E2 for ovarian differentiation. Prior to sex determination, the bipotential
gonad can develop either as a testis (red) or as an ovary (blue). The upper panel
shows the process of gonadal differentiation under extreme female- (FPT) or male-
producing temperatures (MPT) that favor formation of either 100% ovaries or testis,
respectively. (A) Ovaries grow faster and produce high levels of endogenous es-
tradiol (E2), while testis (B) span a longer interval to reach a size similar to the
ovaries and produce scant levels of endogenous E2. The bottom panel shows the
abnormal formation of ovary-like gonads under the inﬂuence of exogenous E2.
(C) At FPT near the pivotal temperature (around 30 °C), gonadal growth rate di-
minishes, lower doses of exogenous E2 are added to endogenous E2 and gonadal
size is not affected. However, the molecular mechanisms are transitorily perturbed
by exogenous E2, compared to the gradual rate levels of endogenous E2 normally
regulated by the FPT. (D) Embryos incubated at lower MPT in which 100% of testes
form hypoplastic ovary-like formations probably due to the conﬂict caused by the
presence of precociously high levels of E2 among slow growing gonads.
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third of the total incubation time (Mrosovsky and Pieau, 1991).
Nevertheless, rather than describing the period of bipotential go-
nads in individual embryos, this classical TSP deﬁnes the percen-
tage response to temperature by a group of eggs. A recent study in
T. scripta indicates that a variable number of gonads down-reg-
ulate Sox9 expression between stages 18 (bipotential gonads) and
22 (differentiated testes and ovaries) (Mork and Capel, 2013). As in
the slider turtle, all bipotential gonads express Sox9, and this is
down-regulated in ovaries, the ﬁnding that a number of embryos
(around 35%) switch down Sox9 expression during stages 19 and
20, corroborates the idea that TSP reﬂects a population-wide
parameter, rather than a temporal stage referring to individual
embryos in a given group (Merchant-Larios and Díaz-Hernández,
2013).
In T. scripta the TSP starts around stage 14 and ends at stage 21.
Interestingly, embryos at MPT treated with E2, down-regulate
SOX9 at stages 17–19 (Barske and Capel, 2010) when around 50%
of embryos incubated at MPT still respond to the FPT (Wibbels
et al., 1993). Thus, precocious SOX9 down-regulation by exogenousE2 at the MPT may be due to diverse transitory states of medullary
cells proliferating at quite different rates depending on the
temperature.
In turtles with TSD, female-promoting temperature (FPT) favors
ovarian differentiation due to faster cell proliferation and higher
levels of estrogens than testis developing at male-promoting
temperature (MPT). Exogenous estrogens given at MPT, disturb the
ﬁne balance between cell proliferation and ovarian networks oc-
curring at FPT leading to formation of hypoplastic gonads (Fig. 11).
Growth rate differs considerably between temperatures that
promote formation of 100%ovaries (32–33 °C) and testes (26–
27 °C), respectively. When exogenous E2 are given near the pivotal
temperature (29–30 °C), production of endogenous estrogens is
initiated. Thus, a minimal dose of exogenous estrogens (or endo-
crine-disruptors) are required for ovarian formation (Sheehan
et al., 1999) without apparent alteration the ﬁne balance between
growth and ovarian differentiation. However, the molecular
pathways involved in ovarian determination by FPT are always
modiﬁed (Ramsey and Crews, 2007) (Fig. 11).
For differentiated testes and ovaries, they were taken at stage
28. Expression of the two candidate ovarian determining genes,
aromatase and FoxL2 was dimorphic and detected only at FPT in
both, bipotential and differentiated gonads. FoxL2 regulates ar-
omatase expression in mammals and birds (Batista et al., 2007;
Govoroun et al., 2004; Hudson et al., 2005; Pannetier et al., 2006).
A similar function is inferred in reptiles with TSD; however, direct
evidence is not available yet. In the slider turtle, both FoxL2 and
aromatase are expressed at higher levels in gonads from embryos
at FPT than at MPT (Lofﬂer et al., 2003; Matsumoto and Crews,
2012; Ramsey et al., 2007; Shoemaker et al., 2007). Moreover,
gonads of Chelydra serpentina shifted from MPT to FPT, up-regu-
lated FoxL2 and aromatase (Rhen et al., 2007). Similar results were
found in the present study, seven and nine days after shifting. In
contrast, gonads of L. olivacea, treated with a single dose of E2 at
stage 23 and analyzed seven and nine days later, showed advanced
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is tempting to speculate, that the precocious increase of en-
dogenous estrogen provoked by the β-estradiol added at MPT
disturbs the expression timing of the two ovarian determining
genes, normally regulated by the FPT.
Recently, it was reported in T. scripta that the overall percen-
tage of DNA methylation of the aromatase promoter was lower in
gonads from embryos incubated at FPT, compared with MPT
(Matsumoto et al., 2013). Interestingly, dimorphic methylation was
transitory; it was detected at the end of the TSP (stages 19 and 21)
but disappeared at stage 21, the onset of ovarian differentiation.
Thus, because aromatase expression is gradually increasing in
ovaries at later stages, maintaining the transcription of this ovarian
key gene requires another mechanism. As mentioned above, FoxL2
may be involved, as was demonstrated in mammals, birds and ﬁsh
(Cutting et al., 2013). It is tempting to speculate that the up-reg-
ulation of FoxL2 and the delayed expression of aromatase found in
the current study may be due to the disturbed expression of the
ovarian gene pathway regulated by FPT. Levels of endogenous E2
depend on the enzymatic activity of aromatase. If the gradually
increasing transcription parallels the endogenous levels of E2, it is
likely that the transitory networks for female determination and
the onset of ovarian morphogenesis occur in gonads with low le-
vels of endogenous E2.
The estrogen receptor alpha (Esr1) is expressed in bipotential
gonads of T. scripta at both male- and female-promoting tempera-
tures, but the expression falls during ovarian differentiation (Ber-
geron et al., 1998; Matsumoto and Crews, 2012; Ramsey and Crews,
2007). In contrast, the converse occurs in the snapping turtle, Che-
lydra serpentina (Rhen et al., 2007). Here we found that Esr1 in L.
olivacea is strongly expressed in both, bipotential and differentiated
gonads at both temperatures. This ﬁnding suggests that the dramatic
inhibition on cell proliferation as response to exogenous E2 found in
the sea turtle may be mediated by Esr1. Thus, different timing proﬁle
of ERα between the three species of turtles with TSD, may also ex-
plain their divergent response to exogenous E2.
Previous studies show that the rate of ovarian differentiation
prior to hatching is slower in the sea turtle L. olivacea (Merchant-
Larios et al., 1997) than in the fresh water turtles Emys orbicularis
(Pieau, 1974), Testudo graeca, and Chelydra serpentine (Rhen and
Lang, 1994). While in fresh water turtles, germ cells start meiosis
and form follicles prior to hatching, these processes are delayed at
least three months after hatching in the olive ridley (Merchant
Larios et al., 1989). It is likely that transitory states of gene ex-
pression involved in each stage of ovarian development, parallels
morphogenesis. Therefore, it is possible that the diversity of re-
sponses to experimental manipulation of endogenous steroid le-
vels might reﬂect a species-speciﬁc gonadal heterochrony which,
as in other organs, has evolved in related vertebrates (Duboule and
Wilkins, 1998; Klingenberg, 1998).
Expression proﬁle of Lhx9 in Trachemys scripta (Bieser et al.,
2013) appeared similar to that of Sf-1 (Ramsey et al., 2007). Since
the homeodomain of Lhx9 is conserved in the fresh water turtle T.
scripta, it was suggested that Lhx9 might bind the Sf-1 promoter
and regulate its expression (Bieser et al., 2013). Although Lhx9 is
expressed in genital ridges and maintained after gonadal differ-
entiation, levels were similar in both temperatures (Barske and
Capel, 2010). Interestingly, the estrogen treatment used by Bieser
and Cols (Bieser et al., 2013) that induced hypoplastic gonads in T.
scripta, down-regulated Lhx9. It is tempting to speculate that the
precocious increase of endogenous E2 provoked by the treatment
alters the Lhx9/Wt1/Sf1 pathway (Wilhelm and Englert, 2002)
reducing cell proliferation in E2 treated gonads developing at the
MPT (Fig. 11). It remains to be tested if the hypoplastic gonads of T.
scripta follow a similar developmental pattern as in Lepidochelys
olivacea and if Lhx9 also responds to the E2 in the latter species.Conﬂict of interest
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